Wybutinep^wye) , situated next to the 3'-side of the anticodon of tRNA from Saccharomyces cerevlsiae, can be photocrosslinked to mRNA when bound to Escherichia coli ribosomes. Crosslinking can be obtained with poly(U) as well as with oligonucleotides such as pAUGUUU or p(U) fi . In order to identify the site of reaction on the mRNA,5'-[
INTRODUCTION tRNAs usually contain a hypermodified nucleotide next to
Php the 3'-side of the anticodon. In tRNA from yeast this site is occupied by wybutine (Ywye). Upon irradiation at 320 run Ywye undergoes a photoreaction (1) . This photoreactivity has been utilized in several photocrosslinking studies (2, 3) . Using ribosomal complexes Phe-tRNA from yeast was found to be photocrosslinked with poly(U) at the Ywye residue (3, 4) . Irradiation at 320 nra does not affect ribosoraal activity. The photoreaction of Ywye can therefore serve as a highly specific probe for the study of events taking place at the ribosoraal decoding site.
A prerequisite for photocrosslinking is the close proximity of the residues involved in the reaction. In the crystal structure of tRNA the anticodon-loop is found in the 3'-stacked conformation (5) . In this form the hypermodified base is stacked on to the anticodon. Models of codon-anticodon interaction show the Ywye to be juxtaposed to the mRNA when the anticodon-loop is in the 3'-stacked form (6, 7) . Photocrosslinking between Ywye and mKNA on ribosomes was found to occur with the same kinetics and efficiency both from the acceptor-site (A-site) and the peptidyl-site (P-site). Furthermore, the Phe-tRNA -poly(U) complex photocrosslinked at the A-site was shown to be translocated to the P-site upon addition of elongation f actor-G (EF-G) and GTP. It was therefore postulated that the anticodon-loop of the aminoacyl-tRNA in the ribosomal A-and P-site is in the 3'-stacked form and that aminoacyl-tRNA and mRNA are transported together during translocation (4) . Since these previous studies were performed with poly(U), the site of photocrosslinking on the mRKA could not be determined. For that reason the photocrosslinking experiments have now been repeated using short oligonucleotides as raRNAs. In this paper we show that photocrosslinking of Phe-tRNA
Phe from yeast occurs with p(U) 6 as wel1
as with pAUGUUU.Using the latter oligonucleotide it is demonstrated that the photoactivated Ywye reacts with the 5'-uridylresidue of the UUU-codon.
MATERIALS AND METHODS Materials
70S ribosomes from E.coli strain MRE 600 were prepared according to the procedures of Noll (8) and Jelenc (9) Irradiation was performed for 15 min as described (3, 4) . After irradiation the incubation mixture was layered on a Sepharose 6B column (10 x 0.4 cm) and eluted with buffer B in order to separate the ribosomes from unbound [
32 P]-oligonucleotides. Fractions containing the ribosomes were collected, extracted twice with phenol, once with chloroform and the RNA chromatographed on a Sephadex G-50 column (40 x 1.5 cm). The peak of tRNA containing the crosslinked oligonucleotides was collected and precipitated with ethanol.
Digestion with RNase P1 and Fractionatlon by Two-Dimensional
Chromatography.
Partial digestion with P1-nuclease was carried out as described (13) . For fractionation of the digestion products the two-dimensional "fingerprinting procedure" (14) was applied using high voltage electrophoresis at pH 3.5 on cellulose acetate strips (16 min at 5OOO V) for the first dimension and homochromatography on DEAE-cellulose thin layer sheets (20 x 2O cm) at 65° C for the second dimension.
RESULTS AND DISCUSSION
Photocrosslinking between Phe-tRNA from Yeast and 5'-[ 3; P]labelled Hexanucleotides.
EF-Tu mediated binding of aminoacyl-tRNA to the A-site requires a minimal length of six nucleotides as mRNA (10) . In addition a tRNA corresponding to the codon in the P-site has to be present in the incubation mixture. When comparing different hexanucleotides the highest degree of enzymatic Phe-tRNA binding was obtained with AUGUUU (10) (3, 4) . As expected from previous binding studies (10) , omission of tRNA^ from the incubation mixture resulted in a substantial decrease in photocrosslinking (Fig. 1) . No significant amount of [5'-32 P]-pAUGUUU was found associated with [ 3 H]Phe-tRNA in the nonirradiated control sample (Fig. 1) . In a similar experiment the dependence on EF-Tu was tested. As seen in Tab P]-labelled pAUGUUU was employed. Because of the strong dependence of photocrosslinking on the presence of tRNA f e and EF-Tu it can be assumed that [5'- 32 P] pAUGUUU is positioned precisely on the ribosome with the AUG-codon occupying the P-site and the UUUcodon filling the A-site. Ribosomal complexes were isolated after irradiation and the RNA was fractionated by column chromatography as described. The peak of [ pAUG just as in Fig. 2A . However, no spot corresponding to [5'-32 P]pAUGU is visible in the digest of the photocrosslinked sample (Fig. 2B) . The pattern of the larger oligonucleotides is changed dramatically: In Fig. 2B a series of predominantly long oligonucleotides is seen which apparently originates from tRNAfragments attached covalently to [5'-32 P]pAUGUUU. Since the pattern up to the third nucleotide is the same as in the control, the site of the photocrosslink must be the fourth nucleotide, i.e. the 5'-U of the UUU-codon. There might still be trace amounts of [5'-32 The photochemistry of the isolated Ywye has been studied in detail (1) . However, nothing is known about the chemistry of the photoreaction of Ywye in tRNA with the U-residue in mRNA. From the study of pAUGUUU alone it is difficult to decide whether the photoreaction with U in position 4 and the lack of reaction with G in position 3 is due to the particular sterical arrangement or to the higher reactivity of the U-residue, or both. In order to discriminate between these possibilities, further studies have to be performed.
The data on the Ywye photocrosslinking (3,4) as well as fluorescence (15, 16) and chemical modification studies (17, 18) are consistent with the notion that the anticodon-loop of tRNA on the ribosorae occurs in the 3'-stacked conformation both in the P-and in the A-site. Nevertheless, some differences in the arrangements of the nucleotides of the anticodon-loop might exist between P-site and A-site bound tRNA. Structural differences in the anticodon-loop of initiator-tRNA as compared to elon- Fig.3 : Schematic-representation of the photocrosslink between pAUGUUU and tRNA Ml rom §.
• cerevisiae. The P-site is shown to be occupied by tRNA, from E. coli and the A-site by tRNAPhe from yeast. Both tRNAs are assumed to interact simultaneously with their respective codons. The covalent bond between Ywye and U is symbolized by dotted lines. Gm is 2'-0-methyl guanosine.
gator-tRNAs have been observed in X-ray studies of crystals and upon nuclease digestion of tRNAs in solution (19) (20) (21) . In tRNA f e the U 33 residue on the 5'-side of the anticodon is oriented outwards from the loop leading to a distortion of the anticodon-loop as compared to that of Phe-tRNA from yeast. Nevertheless, the 3'-stack of the anticodon-loop is maintained. Similar or related structural transitions might occur during translocation (22) . Whatever the nature of such a structural change may be, it is apparently to subtle to be seen in the Ywye photocrosslinking experiments.
The result of the photocrosslink is presented schematically in Fig. 3 . Codon-anticodon interaction is assumed to take place simultaneously both in P-site and in A-site, as has been suggested by several authors (4,7,23 -25) . In order to bring the Ywye into close proximity to the U-residue in position 4 of the pAUGUUU, the mRNA is drawn as being kinked. Arguments in favour of a kink in the mRNA have been put forward in several review articles (7, 25, 26) , but experimental evidence for such a structure on the ribosome is still lacking. In the absence of any detailed information on the chemistry of the photoreaction and on the structure of the photoproduct it is difficult to make any predictions as to the exact arrangement of the individual nucleotides during tRNA-mRNA interaction. Yet it is tempting to speculate that the close proximity necessary for photocrosslinking between the Ywye in tRNA and the U-residue in mRNA might be brought about by a partial unstacking of the mRNA between the 3'-nucleotide of the codon in the P-site and the 5'-nucleotide of the codon in the A-site. Hypotheses as to the extent of this unstacking clearly have to await further experimentation.
In summary the data on the photocrosslink show that Ywye of tRNA from yeast forms, upon irradiation, a covalent bond with the 5'-U of the complementary UUU-codon. The results obtained confirm and extend our previous hypothesis that the anticodon-loop of tRNA on the ribosome is in the 3'-stacked conformation.
